Energy transfer in the conjugated polymer poly[2-methoxy-5-(2′-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) is investigated using femtosecond degenerate pump-probe experiments at 298 and 4 K. The polarization anisotropy decays are of the form exp [-(t) 1/2 /T pol ], as predicted by theories of energy transfer in dilute chromophoric systems. At 4 K, these decays depend on the excitation wavelength, with T pol ) 26 fs -1/2 at the peak of the absorption (520 nm) and T pol ) 78 fs -1/2 at the low-energy side of the absorption (580 nm). This wavelength dependence becomes less pronounced at higher temperatures but is always present. We find that models for Förster energy transfer in dilute chromophore solutions cannot describe our data using a single energy-transfer rate calculated from the Förster overlap of the steady-state absorption and emission spectra. The Förster radius R 0 obtained from fitting the experimental anisotropy decays does not agree with that obtained from the steady-state absorption and fluorescence spectra. This fact, along with the wavelength dependence of the anisotropy decays, indicates that the steady-state spectral properties alone are insufficient to explain the energy-transfer properties of MEH-PPV. By use of a simple model to account for inhomogeneous broadening, vibrational line shape, and the intramolecular Stokes shift, we obtain semiquantitative agreement with the experimental results. The key quantity in this modeling is the ratio of inhomogeneous to homogeneous broadening. As the temperature increases, this ratio decreases, leading to less wavelength dependence in the anisotropy decays. The agreement between our modeling and the data suggests that models developed to describe incoherent energy transfer in dilute solutions may be useful for predicting the energy-transport properties of amorphous conjugated polymers, as long as they are modified to take factors such as vibrational structure and inhomogeneous broadening into account.
Introduction
Organic conjugated polymers are materials with great technological potential. Of the many applications envisioned for these materials, many involve the absorption and emission of light. Examples include optical sensors, 1 light-emitting diodes, 2 and solar cells. 3 Such applications depend on the dynamics of excited states (excitons) in these polymers. An excited chromophore can not only undergo nonradiative relaxation to its ground state but can also transfer its electronic energy to another chromophore in the material, resulting in energy transport or diffusion. For example, the efficiency of an organic solar cell depends on the ability of a newly created exciton to migrate to a charge-separation site within its lifetime, so that it can dissociate into charge carriers and generate photocurrent. In this instance, faster exciton migration leads to a higher yield of carriers and a more efficient solar cell. Alternatively, in lightemitting diodes, exciton migration is believed to be detrimental to device operation, since exciton migration to quenching defects is thought to limit electroluminescence efficiency. Thus, an improved understanding of energy transport, or exciton diffusion, in these polymers is important in terms of being able to design better materials.
The simplest model for energy transfer in molecular materials is the Förster model, which assumes incoherent energy transfer between two molecules separated by a distance R, which interact via a dipole-dipole mechanism. The incoherent dipole-dipole coupling leads to a 1/R 6 dependence for the transfer rate. 4 This model has successfully described electronic energy transfer in a great variety of systems, from labeled proteins to concentrated dye solutions. Application of the Förster model to a system consisting of only a single donor species allows one to generate a detailed model for the energy transfer and to predict various experimental quantities, such as the exciton diffusion constant. 5 It is then of great interest to determine how accurately energytransfer dynamics in conjugated polymers can be described in terms of standard Förster-type models. Various factors may complicate the application of such models to real polymeric systems. Such complications include the small distances between chromophores (on the order of a few Angstroms, small compared to molecular dimensions of tens of Angstroms) which preclude the use of the point dipole model, 6 the amount of local disorder (both energetic and orientational), [7] [8] [9] [10] and the possibility that energy transfer occurs on a time scale faster than intramolecular vibrational relaxation (hot transfer). 11 All these factors may be taken into account to at least some degree by modifications of the standard Förster model. One last possibility is that the assumption that the chromophores are localized on individual chain segments is incorrect, and the intermolecular interaction is strong enough to generate new, Frenkel exciton states that are delocalized over multiple chromophores. In this limit, the Förster model breaks down completely and the transport is described by a more complicated model that takes coherence effects into account. 12, 13 In this paper, we want to concentrate on more disordered systems where the Förster model is most likely to be valid. The conjugated polymer we study is poly[2-methoxy-5-(2′-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV), a well-known phenylene-vinylene polymer whose alkoxy sidegroups give it enhanced solubility and also render it amorphous in the solid state. 14, 15 Since its steady state absorption and emission spectra are virtually unchanged in going from dilute solution to the solid phase, there is no evidence that new, interchromophore exciton states are formed in the solid. On the other hand, the fluorescence dynamics do change upon going from the dilute solution to the solid, and there is evidence for the formation of new, low energy trapping states such as excimers. 16, 17 But these phenomena do not dominate the spectroscopy of MEH-PPV at early times, and to a first approximation, this polymer may be thought of as a highly concentrated, frozen solution of individual phenylene-vinylene chromophores with varying conjugation lengths. We use femtosecond degenerate pump-probe spectroscopy to study the anisotropy decay of the ground-state bleach in MEH-PPV, which is directly related to the probability of energy transfer from an initially excited chromophore to a different, randomly oriented neighbor. We find that the observed decay depends on the excitation wavelength, which indicates that the transport is dispersive. In other words, depending on where in the absorption band we excite, the energy-transfer dynamics are different due to the inhomogeneous distribution of chromophore energies. This dispersive transport is emphasized at low temperatures, where the ratio of inhomogeneous to homogeneous broadening increases. The anisotropy decay rates do not change as much as would be expected from the large thermochromic shifts in the absorption and fluorescence spectra, which reduce the steady-state Förster overlap by an order of magnitude. Both observations indicate that understanding the initial energy transfer in MEH-PPV requires a modified Förster model that treats both the homogeneous and inhomogeneous broadening, as well as the instantaneous vibrational Stokes shift. This model cannot predict the time-dependent fluorescence shifting in conjugated polymers over the entire excited-state lifetime, but does explain the early-time energy transfer that determines the decay rate of the pump-probe anisotropy. The advantage of the present approach is that it allows for direct contact with analytical theories that predict spatial diffusion, which is ultimately the quantity of interest from the point of view of technological applications. Our observation that the dispersive energy transfer is not washed out by homogeneous broadening even at room temperature demonstrates that the heterogeneity of the material must be taken into account when modeling the characteristics of conjugated materials under ambient conditions.
Experimental Section
The samples are prepared by dissolving 5-7 mg/mL of MEH-PPV (Sigma-Aldrich, average M ≈ 51 000) in methylene chloride. The resulting solutions are stirred at room temperature for several days and then spin cast onto 1 mm thick glass substrates at 600 rpm for 600 s to yield films with a peak optical density of between 0.5 and 1.0. The thin films are immediately loaded into a cryostat and placed under vacuum to prevent photo-oxidative damage.
Steady-state absorption spectra were taken using an Ocean Optics S-2000 UV-vis spectrometer. Steady-state fluorescence spectra were taken using a 150-W Hg lamp, with the output passed through a monochromator and reflected off a dichroic mirror to select the excitation wavelength. The excitation and collection was set up in a confocal arrangement normal to the sample surface. The fluorescence was collected after the dichroic, coupled into a 400 µm diameter UV-vis optical fiber, and detected with the CCD from the Ocean Optics spectrometer.
Both the time-resolved fluorescence and pump-probe experiments utilize a regeneratively amplified Ti-Sapphire laser system which generates ∼100-fs pulses, centered at 800 nm, at a 40-kHz repetition rate. The output of this system is used to pump a noncollinear optical parametric amplifier (NOPA), as has been described elsewhere. [18] [19] [20] The output of the NOPA is tunable from ∼480 to ∼750 nm. The generated visible pulse has a bandwidth of ∼16-20 nm, as measured using an Ocean Optics S2000 spectrometer. The pulse is then passed through a prism compressor. The intensity autocorrelation is measured in the cryostat by detecting fluorescence generated by the twophoton absorption of p-terphenyl in a PMMA film, yielding autocorrelation widths of 30-40 fs. The validity of these autocorrelations was verified by comparing the results at 600 nm with those obtained from second harmonic generation in a 0.1-mm BBO crystal.
The time-resolved fluorescence measurements are taken using excitation pulses centered at 513 nm, with an excitation fluence at the sample of ∼1 µJ/cm 2 . The fluorescence is detected by a streak camera (Hamamatsu Streakscope), which allows the simultaneous measurement of both the spectrum and decay. The instrumental response for the streak camera is ∼20 ps. For the pump-probe experiments, the NOPA output is split to generate the pump and probe pulses, with the latter delayed using a mechanical translation stage with 0.1-µm resolution. Both the pump and probe pulses pass through calcite polarizers, with the polarization of the probe pulse oriented at 45°relative to that of the pump. The beams are focused in a noncollinear geometry by a single lens. A polarizer after the sample separates the parallel and perpendicular components of the probe beam, which are then detected using silicon photodiodes. Standard lock-in and subtraction techniques are used to improve the signal-tonoise ratio. The excitation fluence at the sample is ∼20 µJ/ cm 2 , resulting in a maximum differential transmittance ∆T/T of 10 -2 at 500 nm. When exciting at these fluence levels near the absorption maximum, we observe an intensity dependence in the short-time dynamics of both the perpendicular and parallel polarizations of the pump-probe decay. 21 However, the dynamics of the anisotropy decay are power independent over nearly 2 orders of magnitude, suggesting that the mechanism giving rise to this power dependence is isotropic, affecting both polarizations equally. Therefore it does not fundamentally affect the picosecond anisotropy decays.
Results and Discussion
In Figure 1a , we compare the absorption and emission spectra of dilute MEH-PPV in toluene solution and in a neat polymer film. The spectra are similar, with some additional broadening of the absorption and a shift of the fluorescence observed in the neat film. The shifting is most likely due to a solvatochromic effect where the highly polarizable polymer environment lowers the energy of the emitting state relative to the toluene solution. The broadening of the absorption is likely due to the fact that in the solid phase inhomogeneous broadening becomes more pronounced due to a larger distribution of static environments. As the temperature is lowered, both the absorption and emission of the neat film undergo a shift to longer wavelengths and sharpen somewhat. The absorption and fluorescence shift unequally, however, and this, along with the spectral sharpening, leads to a decrease in their spectral overlap. This is shown in Figure 2 , which plots the integrated overlap of the absorption and emission as a function of temperature. As the temperature decreases to 4 K, the overlap decreases by almost 1 order of magnitude, mainly due to the fact that the fluorescence shifts more than the absorption. This spectral overlap is one of the components that goes into calculating the usual Förster rate for energy transfer 4, 22 where R is the separation between chromophores, n is the index of refraction, τ fl is the fluorescence lifetime of the donor (which in this case is identical to the acceptor), φ fl is the quantum yield, κ 2 is an orientation factor, N A is Avogadro's number, (ν) is the absorption spectrum, and f(ν) is the fluorescence spectrum whose integral has been normalized to 1. R 0 combines these factors into a single length called the critical Förster radius. From eq 1, the decrease in the steady-state spectral overlap predicts an order of magnitude decrease in k ET between the MEH-PPV chromophore segments at 4 K.
To test this prediction, we measured the time-dependent pump-probe anisotropy decay. In a sample where the chromophores are randomly oriented and unable to rotate, energy transfer between the chromophores serves to randomize the orientational distribution of the excited molecules. This randomization can be monitored as the decay of the polarization anisotropy in a signal that probes the excited-state population. 23 In this paper, we use a degenerate pump-probe experiment to measure the depolarization of the ground-state bleach, an experiment that has been used widely in studying the dynamics of energy transfer in biological light-harvesting complexes. [24] [25] [26] [27] As the excited-state population moves to a different site, the ground-state bleach is also transferred and loses its polarization memory. The excited-state anisotropy decay r(t) is directly proportional to G S (t), the probability that an excited state residing on a particular site at time t ) 0 still remains on that site at a later time t. 23 G S (t), in turn, can be related to the energy transfer properties of the system in the Förster limit [28] [29] [30] In eq 2b, R 0 is the Förster radius defined in eq 1b, F is the number density of chromophores, Γ(x) is the gamma function, γ is a factor that takes orientational disorder into account, and τ fl is the excited-state lifetime. λ is either 1 or 2 depending on whether the system is in the limit of donor-donor transfer and back transfer is possible (λ ) 2) or whether the transfer is irreversible and the acceptors act as traps (λ ) 1). We have also assumed the transfer can occur in three dimensions. The dependence of G S (t) on the Förster radius results from C, the number of possible acceptors within the Förster radius, and predicts that the anisotropy decay rate is proportional to the square root of the spectral overlap. Assuming that the R 0 value is determined by the steady-state spectral overlap, the data in Figure 2 indicate that the decay rate of G S (t) should decrease by a factor of about 3 from 298 to 4 K. A second assumption of eq 2a is that all chromophores are isoenergetic, with no inhomogeneous broadening. Thus varying the excitation energy only changes the probability of creating an excited state, and the anisotropy decay of that state should be the same for all excitation wavelengths.
The data in Figure 3 show that neither of the above assumptions is correct for MEH-PPV. We measure both parallel and perpendicular probe signals at several wavelengths in the absorption band. In spin-cast MEH-PPV, the polymer chains lie preferentially in the plane of the film, and in this case of a planar film, the correct definition of the anisotropy is 31 Working up the data according to the definition of the anisotropy for a three-dimensional system does not change the data fits in any important way. We find that in solid MEH-PPV, the anisotropy decay is very rapid, on the order of 1 ps, and nonexponential. At all wavelengths, the initial anisotropy ranges from 0.45 to 0.48, close to the ideal value of 0.50. At both 298 
K (Figure 3a ) and 4 K (Figure 3b ), the anisotropy decay varies substantially with wavelength, getting more rapid as the excitation is tuned toward the absorption peak. But although there is a pronounced wavelength dependence, the temperature dependence is relatively weak and nonexistent at the shorter wavelengths. In Figure 3c , we compare the normalized roomtemperature anisotropy decay for MEH-PPV in toluene, similar to what was observed by Schwartz and co-workers, 32 to that of MEH-PPV in the solid state. Also shown in Figure 3c is the anisotropy decay of the transient emission of MEH-PPV at 600 nm after pumping at 400 nm, which is identical to that observed at 500 and 520 nm in the degenerate pump-probe experiment. This result demonstrates that probing the bleach polarization is equivalent to probing the emission polarization and is not measurably perturbed by complicating factors such as excitedstate absorption. None of the data in Figure 3 can be fit with a singleexponential decay. A double exponential, with four adjustable parameters, resulted in good fits to the data, but the physical origin of the wavelength variation is unclear. Fitting the data with a stretched exponential function resulted in power laws of ∼0.5 at all wavelengths, which suggested using the general function to fit the data, which has only three adjustable parameters, A, T pol , and y 0 . The advantage of eq 4 is that it has the same form as the theoretical prediction eq 2a, and thus we can use it to connect our results to that previously developed theory of energy transfer in a disordered medium. Fits to the data using eq 4 are shown in Figure 4 for anisotropies at 520 and 580 nm at 4 K. At all temperatures and wavelengths, the offset to the anisotropy y 0 was not 0 but ranged between 5 (at 298 K) and 20% (at the longest wavelength at 4 K) of the initial amplitude A. This offset is too large to be the result of residual back transfer, which is predicted to give an offset of at most a few percent. 31 Its origin is unclear, and it does not vary systematically enough with wavelength to extract a definite trend. More straightforward to analyze is the decay time T pol , which can be directly related to the decay time of G S (t) in eq 2. The variation of T pol with wavelength is plotted in Figure 5 for our data at both 298 and 4 K. All the points are plotted relative to the absorption maximum, which shifts to longer wavelengths by about 20 nm as the temperature is decreased to 4 K. In this plot, we can clearly see both the wavelength dependence and the temperature dependence, which is significant only for the low-energy side of the absorption.
Two aspects of our data are in qualitative disagreement with the simple Förster approach to energy transfer. First, the expected slow in the transfer, due to poor overlap of the absorption and emission at 4 K, is only observed for wavelengths on the red edge of the absorption. Even here, the change in T pol is significantly less than the factor of 3 predicted based on the data in Figure 2 . Near the absorption peak, the anisotropy decays are temperature independent to within the experimental error. The absence of the strong temperature dependence expected from the overlap of the steady-state absorption and fluorescence suggests this is not the right quantity for predicting the energy transfer rates. This can be seen by extracting an effective R 0 from our data using eq 2. By use of a number density F ) 10 21 cm -3 , 33 a fluorescence lifetime τ fl of 200 ps at 298 K and 350 ps at 4 K (exponential fits to decays measured in our lab), λ ) 1, γ ) 0.8452, 31 and our experimental values for T pol , we obtain the Förster radii for various excitation wavelengths given in Table 1 . The R 0 's calculated from the steady-state spectra at these temperatures are also given. To calculate these values, eq 1b was used with the parameters n ) 1.7, 34 κ 2 ) 0.6901 (static, randomly oriented molecules), 31 a peak ) 36 000 at 500 nm, 35 and a quantum yield of 0.15. 36 The steady-state R 0 's do not agree with those obtained from the dynamic measurements, being a factor of 1.4-2.3 larger at both 298 and 4 K. As will be discussed below, the actual emission spectrum that determines the initial anisotropy decay is probably the vibrationally Stokesshifted emission prior to further relaxation. The spectral overlap of this early-time, higher-energy emission should be greater than that of the fully relaxed fluorescence, however, leading to even larger R 0 's. The calculated R 0 's are relatively insensitive to errors in quantities such as n and , since it only depends on them raised to the 1 / 6 power. Similarly, uncertainties in F and T pol have a small effect on the R 0 calculated from eq 2. One origin of the discrepancy could be the point-dipole approximation inherent in eq 1. When the separation of chromophores becomes less than the molecular radius, the point-dipole approximation is no longer valid and in general overestimates the Coulombic interaction that leads to the Förster energy-transfer rate. 6,37 A more accurate calculation of the energy transfer would involve taking the extended structure of the chromophores into account. 38 A second explanation for the discrepancy could be the breakdown of eq 2 at high chromophore density, although it is expected to be accurate to fairly high densities. 28 A final complication is the fact that some local order may exist in MEH-PPV, 39 invalidating the assumption of perfectly randomized chromophores inherent in eq 2.
r(t) )
It is instructive to look at the effects of the differing values for R 0 on the estimation of the exciton diffusion constant in MEH-PPV. The diffusion coefficient in this simple limit is given by where all the constants have been previously defined and A ranges between 0.30 and 0.50. 5,9,28,40,41 If we consider room temperature and compare the R 0 ) 1.40 nm from the anisotropy decay at 500 nm and the steady-state R 0 ) 2.59 nm, this leads to calculated Ds differing by a factor of ∼40. If we consider the three-dimensional diffusion length, given by we find a factor of 6.3 difference. Using A ) 0.35 and F ) 10 21 cm -3 , we would estimate an exciton diffusion length of 10 nm from the anisotropy decays, as compared to 66 nm from the room temperature spectral overlap. While the actual diffusion lengths may be different from these crude estimates, this difference in estimated diffusion lengths illustrates the importance of determining an accurate value for the effective energytransfer rate, which in this theoretical treatment depends sensitively on R 0 .
The second aspect of our data that is inconsistent with the simplest Förster picture is the fact that a single G S (t) is insufficient to describe the full wavelength dependence of the energy transfer. To reproduce at least the qualitative trends in our data, it is necessary to use a model that takes both the intramolecular Stokes shift and inhomogeneous broadening into account. It is similar to a model Struve and co-workers used to analyze energy transfer in the light-harvesting complex 25 but differs from other models for dispersive transport, which have been based either on numerical Monte Carlo simulations 42, 43 or on the linear variation of the λ parameter in the expression for G S (t). 44 We do not try to model the detailed absorption spectrum of MEH-PPV but rather try to capture the essential physical processes that underlie the observed temperature and wavelength dependence of T pol . We consider an inhomogeneously broadened absorption line that consists of a Gaussian distribution of homogeneous line shapes. The homogeneous line shape is taken to be a double-peaked Gaussian to mimic the vibronic spectrum of the chromophore as deduced from its narrowed fluorescence spectrum. If the homogeneous line shape at frequency ω i is given by and the inhomogeneous distribution is given by then the full absorption line shape is just the convolution of these two
The laser frequency ω ex excites a distribution of absorbers at {ω i }, each of which undergoes a constant Stokes shift ∆ ss due to intramolecular vibrational relaxation. Assuming narrow-band laser excitation, the distribution of fluorescent 
states is narrower than the full inhomogeneous distribution and is given by Figure 6 shows the calculated absorption and fluorescence spectra for the parameters ω 0 ) 19 200 cm -1 , σ i ) 1374 cm -1 , σ h ) 416 cm -1 , ∆ ss ) 875 cm -1 , ω vib ) 1350 cm -1 , and A ) 0.4, along with the experimental MEH-PPV spectra at 4 K. There is good agreement with the narrowed emission, but this simple model clearly does not capture the complexity of the absorption, since the strong inhomogeneous broadening washes out all recognizable vibronic features. The actual absorption line shape of MEH-PPV probably involves additional vibronic progressions, 45 a more complicated inhomogeneous distribution where different frequency components have different line shapes, 46 and may also involve vibrational frequency changes in the excited state. 47 Nevertheless, this simple model manages to capture the essence of the dispersive transport, as we show below. Figure 7 shows an example of two different fluorescence spectra obtained by excitation at 17 500 and 19 000 cm -1 respectively. It should be emphasized that these spectra are the initial emission spectra after vibrational relaxation but before significant energy transfer has occurred. A given molecule, whose absorption is centered at ω i and whose Stokes shifted emission starts out at ω i -∆ SS , now sees an inhomogeneous distribution of surrounding acceptor chromophores. The decay of G S (t) is determined by C, the number of acceptors within R 0 . We can calculate C by taking advantage of its dependence on the Förster spectral overlap. The overlap between the inhomogeneously broadened absorption line shape and the narrowed emission is given by From eqs 1b and 2b, it can be shown that the acceptor density C is related to the overlap via Plugging eq 12 into eq 2a and comparing with eq 4 yields the decay rate
The overlap integral can be evaluated numerically, and the results shown in parts a and b of Figure 8 for 4 and 298 K, respectively, demonstrate the frequency dependence of T pol due to the changing overlap seen in Figure 7 . In Figure 8a , we have included two other calculated curves to show the sensitivity of the frequency dependence on the ratio of homogeneous to inhomogeneous broadening. As the excitation is tuned to the low-energy side of the absorption, Figure 8a shows that the dependence on σ h becomes very dramatic, whereas near the absorption center, the decay rate only changes by 20% or less even when the ratio of homogeneous to inhomogeneous 
broadening changes by an order of magnitude. As seen experimentally in MEH-PPV, the frequency dependence of the G S (t) decay is very pronounced for excitation on the low-energy wing of the absorption but falls off as the laser is tuned to the center of the absorption band. The frequency dependence in Figure 8a can be understood simply in terms of the higher density of potential acceptors when the initially excited molecule's Stokes shift does not carry its emission sufficiently far from the absorption. If the absorption were entirely homogeneously broadened, then the Stokes shift and thus the overlap of the emission and absorption would always be the same and the dependence of the decay on excitation wavelength would vanish. Such a decreased sensitivity to the excitation energy can be seen in Figure 8b , where the room-temperature T pol values are plotted, along with the theoretical curve for σ i /σ h ) 2.5 instead of 3.0. From inspection of Figure 1 , we see that the width of the fluorescence peaks increases by approximately a factor of 2 from 4 K to room temperature, slightly more than expected from our modeling of T pol . The calculations presented in Figures 6-8 provide a semiquantitative estimate for the parameters needed to model energy transfer in MEH-PPV and illustrates the physical origin of the trends observed experimentally in MEH-PPV with both temperature and wavelength. The trend of σ i /σ h with temperature is what is expected; higher temperatures lead to more homogeneous broadening, and as mentioned above, this agrees reasonably well with what is observed in the spectral line shapes. Given our assumptions, one question is whether σ i /σ h ) 3 at 298 K is close to the actual value. If our assumptions outlined above are correct, then the ratios from Figure 8 are within 30% of the actual value, from varying our fit parameters. The model can be improved, however, by relaxing some of those assumptions. As mentioned above, a more realistic model would treat the detailed vibronic structure of MEH-PPV 45, 46 and take into account vibrational frequency changes between the ground and excited states, as observed in phenylene-ethynylene oligomers. 47, 48 In addition to modeling the vibronic line shape, we would also want to obtain independent measurements of the homogeneous and inhomogeneous line widths to use in energytransfer modeling. Along these lines, our assumption that the broadening mechanisms can be neatly divided into purely homogeneous and inhomogeneous components may be overly simplistic. Three-pulse photon-echo experiments, similar to studies by Scholes et al., 49 may help provide some insight into the different time scales and energies involved in determining the line shape of MEH-PPV. Finally, our calculations do not take the pulse bandwidth into account, which serves to broaden the distribution of excited chromophores and thus the fluorescence spectrum, which would change the initial spectral overlaps.
A final point is that our femtosecond pump-probe experiments only probe the energy transfer that occurs immediately after excitation. Once this initial anisotropy decays, we have no way of probing the subsequent evolution of the energy. The fluorescence spectrum of solid MEH-PPV at 298 K does not undergo an observable shift on the time scale of tens of picoseconds (Figure 9a ), but at 4 K, the spectrum shifts continuously over the course of hundreds of picoseconds ( Figure  9b ). While it is not clear how to separate fluorescence shifting due to intramolecular vibrational relaxation from that due to energy transfer, 50 it seems likely that at least part of this shifting is due to energy migration. Other workers have modeled similar time-dependent shifting entirely in terms of exciton diffusion through a manifold of sites to a "localization threshold". 51 Localization occurs when the exciton becomes trapped at a lowenergy site because the probability of finding an even lower energy site nearby essentially vanishes. It is possible that this slowing down of the energy transfer at later times is responsible for the y 0 offsets required to fit our data using eq 4. In this case, the long time constant anisotropy reflects the subdiffusive behavior of the exciton long after photoexcitation, which prevents the complete randomization of the polarization predicted by normal diffusive behavior. Since it is this later time motion that will determine the ultimate range of the exciton motion, it would be beneficial to measure the polarization decay of the excited-state population at various times during its evolution, in addition to the beginning, to determine whether it does indeed slow at later times. If it does, then the diffusion lengths calculated earlier are upper bounds on the true lengths.
Conclusions
Measurements of the steady-state absorption and fluorescence, along with femtosecond degenerate pump-probe experiments at different wavelengths, have been used to investigate energy transfer in MEH-PPV. Both the wavelength dependence of the polarization anisotropy decays and the lack of correlation of the steady-state spectral overlap with the decay dynamics as a function of temperature are in disagreement with the simplest version of Förster theory. Estimating the diffusion length from dynamic as opposed to steady state measurements leads to a 6-fold difference between the two and illustrates the need for more sophisticated treatments. By taking into account an inhomogeneous distribution of absorbers and the intramolecular Stokes shift, we can reproduce the experimental trends. Improvements to this theoretical approach are straightforward and will hopefully lead to a more quantitative description of the data. The hope is that combining line-shape theory with Förster energy transfer, as has been done in the case of biological lightharvesting systems, will provide a predictive understanding of energy transfer in these materials. The work in this paper clearly demonstrates that energy transport in MEH-PPV is dispersive even at room temperature, when one might have expected homogeneous broadening to dominate, and this indicates that the questions of line shape and spectral broadening are important for understanding energy transfer even at the elevated temperatures where actual devices function.
